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Edited by Felix WielandAbstract Hsp110 proteins constitute a heterogeneous family of
abundant molecular chaperones, related to the Hsp70 proteins
and exclusively found in the cytosol of eukaryotic organisms.
Hsp110 family members are described as eﬃcient holdases, pre-
venting the aggregation and assisting the refolding of heat-dena-
tured model substrates in the presence of Hsp70 chaperones and
their co-chaperones. To gain more insights into the mode of
action of this protein family we compared two homologues rep-
resenting two subtypes of Hsp110 proteins, S. cerevisiae Sse1
and H. sapiens Apg-2, in their structural and functional proper-
ties in vitro. In contrast to previous publications both proteins
exhibited intrinsic ATPase activities, which only in the case of
Sse1 could be stimulated by the Hsp40 co-chaperone Sis1. Sim-
ilar to Hsp70 proteins ATP binding and hydrolysis induced con-
formational rearrangements in both Hsp110 proteins as detected
by tryptophane ﬂuorescence. However, nucleotide induced
changes in the proteolytic digestion pattern were detected only
for Sse1. Sse1 and Apg-2 thus show signiﬁcant diﬀerences in
their biochemical properties, which may relate to diﬀerences in
their functional roles in vivo.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The 70 kDa heat shock proteins (Hsp70) constitute a highly
versatile family of molecular chaperones. In addition to assist-
ing refolding of stress denatured and aggregated proteins
Hsp70s are involved in a variety of cellular functions under
non-stress conditions, including folding of newly synthesized
proteins, translocation of proteins through membranes, activ-
ity control of regulatory proteins, assembly and disassembly of
protein complexes, and assistance of proteolytic degradation
of proteins [1,2]. To perform all of these functions Hsp70
proteins interact transiently with their substrates via their
C-terminal peptide-binding domains. The aﬃnity for sub-
strates is governed by the nucleotide status of the N-terminal
ATPase domain, with a low aﬃnity for substrates in the
ATP-bound state and a high aﬃnity in the ADP-bound state
[3]. Interactions with co-chaperones accelerate certain steps*Corresponding authors. Fax: +49 761 54 5894.
E-mail addresses: bukau@zmbh.uni-heidelberg.de (B. Bukau),
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doi:10.1016/j.febslet.2005.11.069of the functional cycle and thereby activate and regulate
Hsp70 activity. Hsp40 proteins stimulate ATP-hydrolysis and
thereby accelerate substrate binding by their Hsp70 partner
proteins [4]. Nucleotide exchange factors trigger the release
of ADP, which allows rebinding of ATP and thereby acceler-
ation of substrate release [4].
The family of Hsp110 proteins, which are found exclusively
in eukaryotic organisms, are evolutionarily related to the
Hsp70 family [5]. These proteins share signiﬁcant amino acid
sequence homology with the Hsp70 proteins in the N-terminal
ATPase domain. In contrast, sequence homology in the C-ter-
minal domain is very low and hardly recognizable. In addition
the C-terminal domain is considerably larger than that of clas-
sical Hsp70 proteins, partially due to a highly negatively
charged insertion characteristic for Hsp110 proteins [6]. How-
ever, the yeast Hsp110 homologues are signiﬁcantly shorter
than their mammalian counterparts [5], bearing only a 28
amino acids long charged insertion as compared to 63 in hu-
man Apg-2. The cellular function as well as the co-chaperones
of the Hsp110 proteins are yet unknown. Deletion of the con-
stitutively expressed SSE1 gene encoding one of two yeast
Hsp110 homologues results in a temperature sensitive and slow
growth phenotype [7], while deletion of both SSE1 and SSE2
genes is reported to be lethal [8] in some strain backgrounds,
indicating a unique important cellular function of these pro-
teins in yeast. In vitro, various Hsp110 homologues have been
described as potent holdases accelerating the refolding of heat-
denatured luciferase by Hsp70/Hsp40 [9–12]. Prompted by the
characteristic sequence diﬀerences between mammalian and
yeast Hsp110 proteins we compared structural and functional
aspects of Apg-2 and Sse1 in order to understand the molecu-
lar mode of action of this protein family as well as variations
within this family.2. Materials and methods
2.1. Cloning and puriﬁcation of Apg-2 and Sse1
The coding sequence of human Apg-2 was ampliﬁed from a com-
mercially available human brain cDNA library (CLONTECH) using
primers 5 0-GGGGTACCACGCGTCATGAGCGTGGTGGGCAT-
AGACCTG-3 0 and 5 0-GCTCTAGAGTCGACTCAATCAATGTC-
CATTTCAGGAAG-3 0, cloned into the pMPMA4 expression vector
[13] and overexpressed in Escherichia coli. Apg-2 was puriﬁed using
two anion exchange columns (DEAE–sepharose followed by
DMAE–sepharose). Both liquid chromatographies were performed
with buﬀer A (25 mM HEPES–KOH, pH 7.6, 50 mM KCl, 1 mM
EDTA, 10 mM 2-mercaptoethanol, 10% glycerol) and Apg-2 was
eluted by a linear 55–500 mM KCl gradient. To remove further impu-
rities, the cleanest fractions were pooled, concentrated by ammonium
sulfate precipitation and run over a Sephacryl 300 gel ﬁltration column
equilibrated in buﬀer HKM (25 mM HEPES–KOH, pH 7.6, 50 mM
KCl, 5 mM MgCl2) plus 5% glycerol.blished by Elsevier B.V. All rights reserved.
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H. Raviol et al. / FEBS Letters 580 (2006) 168–174 169The coding sequence of SSE1 was ampliﬁed from yeast genomic
DNA (W303) using primers 5 0-GCGGATCCATGAGTACTCCA-
TTTGGTTTAG-3 0 and 5 0-GCTCTAGATTAGTCCATGTCAA-
CATCACCTTC-3 0, cloned into the pUHE21-2fdD12 [14] expression
vector and overexpressed in E. coli. The puriﬁcation protocol for
Sse1 is similar to the above-described protocol for Apg-2 except for
the gel ﬁltration step which was replaced by a hydroxyapatite column,
equilibrated in 10 mM KxHyPO4, pH 7.6, 5 mM MgCl2, 5% glycerol.
Sse1 was eluted by applying a linear 10–500 mM phosphate gradient.
The Sse1-K69M mutation was inserted via quick change PCR, using
the 5 0-CCAATAATTCTCATGAGGTTGGCGACAG-3 0 and 5 0-
CTGTCGCCAACCTCATGAGAATTATTGG-3 0 primers. The Sse1
-K69M mutant protein was puriﬁed identical to the wild-type protein.
Hsc70, Ssa1 and Sis1 were puriﬁed according to the published pro-
tocols, Ydj-1, Hdj-1 and Hdj-2 according to the protocol published for
DnaJ [15–17].
2.2. Circular dichroism spectroscopy
Sse1 and Apg-2 were dialyzed overnight in phosphate buﬀer (5 mM
KxHyPO4, pH 7.6) and diluted to a ﬁnal concentration of 5 lM protein
in the same buﬀer for circular dichroism analysis. The temperature and
wavelength scan measurements were performed with a Jasco J750
circular dichroism spectrometer.
2.3. Partial proteolysis
0.33 lg/ll of Sse1, Sse1-K69M or Apg-2 were pre-incubated with or
without 5 mM (Sse1 and Sse1-K69M) or 10 mM (Apg-2) nucleotide in
T-buﬀer (20 mM Tris/HCl, pH 7.8, 200 mM KCl, 10 mM MgCl2,
2 mM DTT, 5% glycerol, 0.05% Tween-20) for 10 min at 30 C. The
proteolytic reaction was started by addition of 0.2 lg/ml Trypsin
(Roche). Samples were taken at speciﬁed time points, added to an
equal volume of 2· SDS loading buﬀer and analyzed on denaturing
gels [18]. Gels were silver stained according to Blum et al. [19].
2.4. Tryptophane ﬂuorescence measurements
Proteins were diluted in HKM buﬀer to a ﬁnal concentration of
0.5 lM. The ﬂuorescence spectra from 300 to 400 nm were recorded
in a ﬂuorescence spectrometer (LS55, Perkin–Elmer/Applied Biosys-
tems) upon excitation with light at 295 nm.195 205 215 225 235 245
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2.5. Steady state ATPase assays
Steady state ATPase activity was determined as described for DnaK
[4]. All reactions were performed at 30 C in mixtures containing as
indicated 1 lM Apg-2 or Sse1, 1 lM Hdj-1, Hdj-2, Hip, Sis1 or
Ydj1, 5 lM RCMLA or b-casein, 250 lM ATP and 0.1 lCi of [a32P]
ATP in HKM buﬀer. Quantiﬁcation was performed as described [20].195 205 215 225 235 245
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Fig. 1. Structural properties of yeast Sse1 and human Apg-2. (A)
Cartoon of the predicted secondary structure of Sse1 and Apg-2 in
comparison with human Hsc70. The secondary structure of the
ATPase domains is not shown since it is almost identical in all three
proteins. The ‘‘W’’ indicates the position of the tryptophanes in Sse1
and Apg-2. (B,C) Change of the circular dichroism signal at 222 nm
wavelength in a temperature scan with Apg-2 (B) and Sse1 (C). (D,E)
Circular dichroism spectra of Sse1 (E) and Apg-2 (D) at diﬀerent
temperatures (20, 30, 37, 42, 50 and 70 C).3. Results
3.1. Analysis of the secondary structure properties
The structure of Hsp110 proteins is not solved by X-ray
crystallography or NMR so far. However, based on sequence
homology and secondary structure prediction of the human
Hsp110-related protein Hsp105 Easton and colleagues
proposed a structural organization for the Hsp110 proteins
identical to Hsp70 proteins except for an insertion within the
b-sheet domain and signiﬁcant longer a-helices in the helical
lid domain [6]. Due to the low sequence similarity between
mammalian and yeast Hsp110s in the C-terminal presumptive
substrate-binding domain we wanted to compare the predicted
secondary structures of the two proteins using the PHD pro-
gram (Fig. 1A). Both Hsp110 proteins share the general
arrangement of an Hsp70 C-terminal domain, a b-sheet subdo-
main followed by a structural element composed of a-helices
and an unstructured C-terminus. Furthermore, both Hsp110
proteins possess the negatively charged, unstructured loop
between the last two b-sheets, which is typical for Hsp110proteins. Interestingly, in Sse1 the C-terminal domain is much
shorter than in Apg-2, resembling rather an Hsp70 protein
than an Hsp110 family member.
To investigate the structural features of the two Hsp110
homologues we determined their thermostability. We used
circular dichroism spectroscopy to track the unfolding of
secondary structure elements over a temperature gradient
ranging from 10 to 85 C. The temperature scans as well as
170 H. Raviol et al. / FEBS Letters 580 (2006) 168–174the wavelength scans at 20, 30, 37, 42, 50 and 70 C are shown
in Fig. 1B–E, respectively. Apg-2 had a very deﬁned melting
curve with a sharp transition between 47 and 57 C (Tm =
50.7 C). Sse1, instead, started unfolding even at temperatures
below 30 C (Tm = 34.8 C), and the gradual transition bet-
ween a spectrum that is dominated by a-helical secondary
structure and a random coil dominated-spectrum is clearly
visible (Fig. 1C and E). The resulting melting curve is very
unusual for a protein with heat stress-related functions.
3.2. Partial proteolysis uncovers nucleotide-dependent structural
rearrangements in Sse1
For Hsp70 proteins conformational alterations in response
to ATP binding and hydrolysis can be detected by partial pro-
teolysis [21,22]. We therefore investigated the inﬂuence of
nucleotide binding on the structure of Sse1 and Apg-2 by this
approach. Both proteins were cleaved by trypsin into deﬁned
patterns of fragments. Sse1 shows a clear diﬀerence in the
digestion pattern upon ATP-binding and appears to be less
accessible for the protease than in the nucleotide-free or the
ADP-state (Fig. 2A), similar to Hsp70 proteins. A fragment
of approx. 70 kDa comprising almost the entire protein re-
mains detectable for at least 30 min, whereas the ADP-bound
or nucleotide-free samples are degraded almost completely
within this time-span. Since circular dichroism spectroscopy
revealed that Sse1 starts to loose secondary structure even be-
low 30 C we repeated the tryptic digestion at 10 C where the
protein should be more stable. Although the digestion pattern
diﬀered from the 30 C-digestion in respect to the relative
abundance and stability of individual bands, as would be ex-
pected, the principal observation was the same: ATP-binding
stabilized full-length Sse1 and certain tryptic fragments indi-
cating nucleotide-dependent conformational changes (data
not shown). In contrast, Apg-2 shows no diﬀerences in the
digestion pattern upon ATP-binding (Fig. 2B). The full-lengthFig. 2. Partial proteolysis of wild-type Sse1, mutant Sse1-K69M and Apg-2
tryptic digestions of wild-type and mutant Sse1 (A) and of wild-type Apg-2 (B
and samples were taken at the indicated time-points. To investigate nucleotid
buﬀer (‘‘no nuc.’’), ATP or ADP as indicated.protein is degraded into identical fragments in the absence of
nucleotide or the presence of ATP or ADP (Fig. 2B and data
not shown). In all states, the full-length protein is rapidly de-
graded into a few fragments with high stability. The results
of the partial proteolysis in the nucleotide-free state are consis-
tent with the circular dichroism data. While a large ca. 65 kDa
fragment of Apg-2, most likely comprising the ATPase domain
and part of the presumptive b-sheet domain, seems to be
tightly folded to resist trypsin for 40 min and is therefore ex-
pected to unfold only at high temperatures, Sse1p is degraded
almost completely within 15 min and thus seems to be rather
loosely folded consistent with the low melting temperature.
The conformational rearrangements of Sse1 are linked to
ATP-binding, raising the question about the physiological
function of this step. Since it was reported that a putative
ATPase-deﬁcient mutant of Sse1, sse1-1, is able to complement
several phenotypes of sse1D cells in vivo [8], we investigated
the conformational changes upon nucleotide binding of a sim-
ilar mutant with the partial proteolysis approach. The sse1-1
mutant allele has a point mutation of lysine 69 to glutamine.
Lysine 69 of Sse1 corresponds to lysine 71 in human Hsc70,
which is essential for ATP hydrolysis [23]. Since ATPase deﬁ-
ciency for a lysine 69 to glutamine replacement has not been
established, neither for Sse1 nor for Hsc70, we exchanged
the lysine 69 in Sse1 for methionine according to the published
Hsc70 mutant to ensure that the mutant has absolutely no
ATPase activity. The Sse1-K69M mutant, expressed from a
plasmid, complemented the thermosensitive and slow growth
phenotype of sse1D cells like wild-type SSE1 (data not shown).
The partial proteolysis of Sse1-K69M revealed the surprising
result that this protein shows no diﬀerence in the digestion pat-
terns between the ATP- and the ADP-bound states, exhibiting
a stabilized 70 kDa fragment, which can also be detected in the
ATP-bound state of the wild-type protein digestion (Fig. 2A,
right panel, compared to Fig. 2A, left panel). The nucleotidein diﬀerent nucleotide states. (A,B) Silver stained SDS-gels of partial
). All proteins were digested at 30 C with a limited amount of trypsin
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together the partial proteolytic digestion clearly indicated
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Fig. 3. Tryptophane ﬂuorescence emission spectra of wild-type Sse1,
mutant Sse1-K69M and wild-type Apg-2 in diﬀerent nucleotide states.
(A) Tryptophane ﬂuorescence emission spectra of wild-type Sse1 in the
nucleotide-free, the ATP- or ADP-bound state. All proteins were
preincubated in buﬀer (‘‘no nuc.’’) or with a 1000-fold excess of
nucleotide. The ﬂuorescence emission spectra were recorded with an
excitation wavelength of 295 nm. To monitor the conformational
changes during ATP-hydrolysis, the ATP-bound protein was incu-
bated in the cuvette at 30 C and spectra were recorded at the given
time-points. (B) Tryptophane ﬂuorescence emission spectra of mutant
Sse1-K69M. (C,D) Tryptophane ﬂuorescence emission spectra of wild-
type Apg-2. The corresponding time-points of the spectra during ATP-
hydrolysis are 5, 10, 15, 30, 45, 60, 90 and 120 min.3.3. Tryptophane ﬂuorescence indicates nucleotide-dependent
conformational changes
Another method used to detect conformational change in
Hsp70 proteins is tryptophane ﬂuorescence [22,24]. Therefore,
the changes in tryptophane ﬂuorescence emission of both
Hsp110 proteins were examined. The ﬂuorescence emission
spectrumof a tryptophane is dependent on the electrostatic envi-
ronment of the residue and conformational changes that aﬀect
the environment of the tryptophane side chain can be measured
as changes in the ﬂuorescence intensity and shift of the peak-
maximum. Sse1 has four tryptophanes: Trp148, Trp406,
Trp462, Trp611 (Fig. 1A). The ﬁrst tryptophane (Trp148) is lo-
cated in the ATP-binding cleft, homologous to Hsc70 tyrosine
149 [25]. Trp406 is at the position corresponding to T403 of
theE. coliHsp70homologueDnaK,which is locatedwithin loop
L1,2 of the substrate binding pocket [26]. Trp462 is at a position
corresponding to loop L5,6 of Hsp70 proteins and Trp611 is be-
tween helixCandhelixDof thea-helical domain.HumanApg-2
has three tryptophane residues: Trp406, corresponding to Sse1
Trp406, Trp551, at a position shortly before the predicted helix
A, and Trp658, homologous to Sse1 Trp611.
The conformational changes between the diﬀerent nucleo-
tide states observed in the partial proteolysis experiments were
reﬂected in changes of the tryptophane ﬂuorescence emission
spectra of Sse1 (Fig. 3A). Nucleotide-free, ADP-bound and
ATP-bound states of Sse1 diﬀer with respect to the maximal
intensity of ﬂuorescence. The Sse1-K69M mutant protein in-
stead had only two signals (Fig. 3B). The ADP-bound and
the ATP-bound states had identical ﬂuorescence emission
spectra, whereas the spectrum of the nucleotide-free state
had a higher maximal intensity, suggesting that ADP- and
ATP-bound states are similar in Sse1-K69M consistent with
the partial proteolysis result. Surprisingly, Apg-2 also showed
a diﬀerent ﬂuorescence emission spectrum in the ATP-bound
state as compared to the spectra in the ADP-bound or nucle-
otide-free states (Fig. 3C). Since Apg-2 has no tryptophane res-
idues in the ATPase domain, these changes in tryptophane
ﬂuorescence must be interpreted as conformational rearrange-
ments that were not observable in the tryptic digestion pattern.
The ADP-bound and the nucleotide-free state of the human
Hsp110 homologue appear to be in a similar conformation.
Interestingly, the signals of ATP-bound Sse1 and Apg-2
changed over time, when the Hsp110-ATP mixture was incu-
bated in the cuvette (Fig. 3A and D). The signal intensity de-
creased with time approaching the intensity measured in the
presence of ADP, clearly demonstrating ATP-hydrolytic activ-
ities of both proteins. The decreasing signal does not reach the
ADP-curve after 120 min but arrests in an equilibrium state,
determined by the hydrolysis, the nucleotide release and the
nucleotide rebinding rates until the ATP is completely hydro-
lyzed. As a control, the Sse1-K69M mutant was used, which
showed no change of theATP signal within the same time-frame
Sse1 wild-type needed to reach its equilibrium state (Fig. 3C).3.4. Basal ATPase rate of Apg-2 and Sse1
The tryptophane ﬂuorescence data revealed an intrinsic
ATP-hydrolyzing activity of Sse1 and Apg-2. For other
Hsp110 proteins like human Hsp105, it was reported that an
ATPase activity is only observed for the isolated nucleotide-
binding domain or in presence of Hsc70 [6,27]. The full-length
protein alone is considered to be void of ATPase activity. We
therefore investigated this for human Apg-2 and yeast Sse1 in
greater detail. Using steady state ATPase assays, the ATPase
rates for full-length human Apg-2 and yeast Sse1 were deter-
mined at increasing ATP concentrations. The individual rates
were plotted against the ATP concentration and the Michae-
lis–Menten equation ﬁtted to the data using the evaluation
package GraFit 5.0.1 (Fig. 4A and B).
For Sse1 the kcat (10
2 s1) was 4-fold higher than the kcat
determined earlier for human Hsc70 (2.5 · 103 s1) [17].
The determined Km of Sse1 (190 lM) was two orders of mag-
nitude higher as compared to human Hsc70 (0.7 lM) [28]. The
kcat for Apg-2 (3 · 103 s1) was similar to the kcat of human
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Fig. 4. ATPase activity of Sse1 and Apg-2. Determination of the basal
ATP-hydrolysis rate and the apparent Km of Apg-2 and Sse1. (A) Plot
of the ATPase rate of Apg-2 against the concentration of ATP. As
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Fig. 5. Eﬀects of Hsp70 co-chaperones and chaperone substrates on
the steady state ATP-hydrolysis rate of Apg-2 and Sse1. (A) Eﬀects
of human cytosolic Hsp40 co-chaperones Hdj-1 and Hdj-2 on the
ATPase rate of Apg-2 and Hsc70. The basal ATPase rate of Apg-2
and human Hsc70 was set to one, respectively. (B) Stimulation of
Apg-2 ATPase rate by Hsp40 proteins in combination with model
substrate RCMLA. (C) Stimulation of the Sse1 and Ssa1 ATPase
rate by the yeast cytosolic Hsp40 co-chaperones Ydj1 and Sis1. The
basal ATPase rates of Sse1 and Ssa1 was set to one, respectively.
(D) Inﬂuence of Hsp40 proteins in combination with model
substrates RCMLA and b-casein on the Sse1 ATPase rate. (E)
Comparison of the basal and Sis1-stimulated ATPase-rates of wild-
type Sse1 and mutant Sse1-K69M.
172 H. Raviol et al. / FEBS Letters 580 (2006) 168–174Hsc70, the Km (1.1 mM), however, was more than three orders
of magnitude higher. To exclude contributions of ATPase con-
taminations to the measured rate, we used the Sse1-K69M pro-
tein as a negative control. In our hands, the mutant protein
preparation had a 10-fold lower apparent ATPase activity
(103 s1) than the Sse1 wild-type protein preparation.
The aﬃnity of both Hsp110 homologues for ATP is low.
This was also stated by other observations, for example their
poor binding to ATP-agarose. This aﬃnity chromatography
method was tested as a possible puriﬁcation step but only a
negligible fraction of Apg-2 and Sse1 bound to the immobi-
lized ATP. Furthermore, it was not possible to isolate com-
plexes of Apg-2 and [a32P] ATP by rapid gelﬁltration.
3.5. Stimulation of the ATPase rate by known Hsp70
co-chaperones or substrates
Due to the fact, that Hsp70 and Hsp110 proteins share
sequence and, putatively, structural homology in the ATPase
domain, two abundant Hsp40 homologues from each H. sapi-
ens and S. cerevisiae, Hdj-1, Hdj-2, Ydj-1 and Sis1, were tested
in steady state assays for stimulation of ATP hydrolysis by
Apg-2 and Sse1, respectively. The results are shown in
Fig. 5. Only for the combination of Sse1 with Sis1, a 2-fold
stimulation could be measured consistently, even at a high
one to one molar ratio of both proteins. This stimulation
was not observed for the Sse1-K69M protein (Fig. 5E), indi-
cating that the measured residual ATPase activity of this pro-
tein preparation was caused by contaminations. Interestingly,
the closest homologue of yeast Sis1 in mammalian cells, Hdj-
1, had no inﬂuence on the hydrolysis rate of Apg-2 (Fig. 5A).
H. Raviol et al. / FEBS Letters 580 (2006) 168–174 173The ATPase activity stimulation of Hsp70 proteins by
Hsp40 homologues can be further elevated by addition of sub-
strate proteins. Two naturally unfolded model substrates,
bovine reduced carboxy-methylated lactalbumin (RCMLA)
and b-casein, were used for ATPase steady state assays, in
combination with the Hsp40 proteins used before. The results
of this assay are shown in Fig. 5B and D. Addition of the mod-
el substrates had no inﬂuence on the ATPase rates of Sse1 and
Apg-2. Only the combination of Sse1 and b-casein resulted in a
1.5-fold stimulation of the ATPase rate, which could not be
further elevated by addition of the potential co-chaperone
Sis1. These data suggest that two known Hsp70 chaperone
substrates failed to stimulate the ATPase activity of Hsp110
proteins. Consistently, stable complexes between Sse1 and
these substrates could also not be detected using size exclusion
chromatography.4. Discussion
In this study we have compared the biochemical properties
of two Hsp110 homologues, yeast Sse1 and mammalian
Apg-2. While sharing several properties, both proteins show
signiﬁcant diﬀerences of functional relevance. Both have mea-
surable ATPase activities comparable to the basal ATPase
rates of Hsp70 family members, and ATP binding and hydro-
lysis is accompanied by conformational changes within these
proteins. However they diﬀer in thermal stability in the nucle-
otide-free state since Apg-2 seems more compact and less ﬂex-
ible than Sse1. Sse1 in contrast to Apg-2 exhibits alterations in
proteolytic accessibility in response to ATP binding and
hydrolysis.
Our ﬁnding that both Hsp110 proteins have measurable
ATPase activities is supported by three additional lines of
evidence. (1) The tryptophane ﬂuorescence intensities of
Sse1 and Apg-2 in the ATP state change with incubation
time towards the intensities measured in the presence of
ADP. The potential existence of minor contaminations with
ATPases in our preparations cannot account for this obser-
vation since tryptophane ﬂuorescence intensities are corre-
lated to the absolute amount of tryptophane. (2)
Comparison of identical protein preparations of Sse1 with
Sse1-K69M showed an at least 10-fold higher ATPase activ-
ity of the wild-type protein, again arguing against the exis-
tence of contaminating ATPases in these preparations as
cause of the ATPase activity measured for the wild-type pro-
tein. (3) The ATPase activity of Sse1 could be stimulated by
the Hsp40 protein Sis1, which is very unlikely to interact
unspeciﬁcally with a contaminating ATPase from E. coli.
The ATPase activities measured here for Sse1 and Apg-2 are
not consistent with earlier publications where ATPase activi-
ties were only found for the isolated ATPase domain of
Hsp105 but not for the full-length protein [6]. This discrepancy
may be due to the fact that we used authentic unmodiﬁed pro-
teins while earlier work was performed with N-terminally
tagged proteins [6,8,27]. The N-terminal tag is only 7 amino
acids upstream of Sse1 and Apg-2 residues important for bind-
ing of b and c-phosphate of the ATP and – similar to Hsp70
proteins – may therefore inﬂuence catalysis. In addition, since
according to the crystal structure of the homologous bovine
Hsc70 the N-terminus and the C-terminus of the ATPasedomain are close together, the N-terminal tag may interfere
with the interface between the ATPase domain and the sub-
strate-binding domain and thereby aﬀect the ATPase activity.
The ATPase activity of Sse1 was stimulated by Sis1 but not
by Ydj1. This is in contrast to the yeast Hsp70 protein Ssa1,
which is stimulated by both Hsp40 proteins [29]. Sis1 but not
Ydj1 is essential for growth of yeast cells and the dual function
of cooperating with Ssa1 and Sse1 may be one reason for this
fact. A synergistic stimulation of the ATPase activity of Sse1
by a combination of a substrate and Sis1 was not observed
in our experiments most likely because the chaperone sub-
strates tested here were not bound stably by Sse1. A protein
that binds to Sse1 in a soluble state is not known so far.
Apg-2 was not stimulated by either of the two tested human
Hsp40 proteins Hdj1 and Hdj2. However, there are 44 Hsp40
proteins in humans and it is therefore likely that we have not
yet discovered the Hsp40 partner co-chaperone of Apg-2.
We observed nucleotide-dependent changes in the trypto-
phane ﬂuorescence of both Hsp110 proteins. In Sse1 this could
be explained by the direct eﬀect of the phosphate groups on the
environment of Trp148, which is in a position close to the phos-
phate interacting residues as suggested by a homology model of
Sse1 on the structure of bovine Hsc70 (not shown). If this
Trp148 dominates the ﬂuorescence spectrum of Sse1 then
changes in ﬂuorescence would not necessarily indicate confor-
mational changes of the entire protein. Apg-2 has tryptophane
residues only in the substrate-binding domain. Hence, nucleo-
tide-dependent alterations in the ﬂuorescence spectrum of
Apg-2 can only be explained by nucleotide-induced conforma-
tional changes in its substrate-binding domain. Tryptophane
ﬂuorescence does not allow an estimation of the magnitude of
the conformational change. In fact, the conformational
changes in Apg-2 might be relatively small since no changes
in the proteolytic digestion pattern were observable. In con-
trast, in Sse1 signiﬁcant nucleotide-dependent changes in the
proteolytic digestion pattern were observed indicating substan-
tial conformational rearrangements. Interestingly, in the ATP-
bound state Sse1 seems to be more compact leaving an almost
full-length fragment detectable after a 1-h protease treatment
(Fig. 2A and data not shown). In Hsp70s ATP binding also
leads to a more compact conformation of the ATPase domain
and an association between ATPase and substrate-binding do-
main. However, the a-helical lid of Hsp70s opens as indicated
by the appearance of a new cleavage site for trypsin [22]. The
fragment that is cleaved oﬀ in Sse1 in the ATP state is deﬁnitely
smaller than the entire proposed lid domain and the conforma-
tional change may not be similar to the Hsp70s.
Morano and colleagues suggested that in Hsp110 proteins
the substrate-binding domain may enclose and stabilize the
ATPase domain in absence of a substrate [8]. Substrates are
proposed to induce a transition to an open conformation of
the substrate-binding domain, which is then competent to bind
to the substrate. We would like to modify this model such that
nucleotides like in other Hsp70 chaperones induce the opening
of the substrate-binding domain of Hsp110 proteins thereby
priming the substrate-binding domain for the association of
substrates. ATP hydrolysis may not be needed under certain
circumstances as demonstrated by the complementation ability
of the ATPase deﬁcient variant Sse1-K69M [compare 8]. As
shown by our tryptic digestion experiments this variant can cy-
cle between an open and a closed conformation by association
and dissociation of ADP or ATP.
174 H. Raviol et al. / FEBS Letters 580 (2006) 168–174Overall our data show a surprising degree of diﬀerences be-
tween Sse1 and Apg-2, which may indicate a substantial func-
tional divergence between the two proteins. This interpretation
is further supported by the ﬁnding that mammalian Hsp110
proteins cannot replace Sse1 in its function in vivo ([8] and
data not shown). The Hsp110 chaperones may therefore con-
stitute a fairly heterogeneous family of Hsp70-related chaper-
ones.
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